In response to the general lack of sufficiently abundant and high quality rutile U-Pb reference materials for in situ geochronology, we have characterised two new potential rutile ~ 1.8 Ga reference materials (Sugluk-4 and PCA-S207) from granulite facies belts of the Canadian Shield, namely the northern Cape Smith Belt of Quebec and the Snowbird Tectonic Zone (Sasatchewan). Characterisation includes ID-TIMS and LA-ICP-MS U-Pb dating, imaging, and trace element analysis. We compare these materials with existing rutiles used already (R19 and R10; Luvizotto et al., 2009; 
unknowns for provenance analysis and other applications. The reproducibility is 2-4%
Introduction
Rutile, the most common polymorph of TiO 2 , is a widely distributed accessory mineral in medium-to high-grade metamorphic and some igneous, chiefly plutonic, rocks. Due to its chemical and physical stability during the sedimentary cycle, rutile is commonly found in the heavy mineral suite of sedimentary rocks and can therefore provide important information about provenance. Rutile typically consists of > 98 wt % TiO 2 , but considerable amounts of other elements such as Fe, Cr, Nb and Ta and other HFSE (high field strength elements) can enter the crystalline lattice, allowing insight into rock forming conditions and discrimination between different source lithologies in provenance studies (e.g., Zack et al., 2004a; Carruzzo et al., 2006; Triebold et al., 2007; Meinhold et al., 2008; Morton and Chenery, 2009; Ewing et al., 2011; Meyer et al., 2011) . The Zr content of rutile crystallised in a zircon-saturated environment is strongly dependent on temperature (Zack et al., 2004b; Watson et al., 2006; Ferry and Watson, 2007; Tomkins et al., 2007) , and Zr-in-rutile is used as a geothermometer, commonly coupled to the Ti-in-zircon thermometer. Uranium can be easily accommodated in the crystalline structure of rutile due to the comparable ionic radius and charge to Ti 4+ , hence rutile can be dated by the U-Pb method, but it has comparatively received far less attention than zircon perhaps due to its usually lower U concentration (from as low as < 0.01 ppm to ~ 100 ppm) and to the lack of rutile mineral reference materials needed for microprobe dating.
However, rutile has been used for some years by the ID-TIMS (isotope dilution thermal ionisation mass spectrometry) community for high precision dating via the U-Pb system. For further reading on rutile properties and applications in the earth sciences the reader is referred to Meinhold (2010) .
The radiogenic Pb content of rutile is a function of the time since it cooled below its closure temperature (T C ) and accumulated Pb due to the radioactive decay of U. When this T C is lower than the crystallisation temperature (Dodson, 1973 ) the measured age represents the time of cessation of Pb volume diffusion during cooling. T C is a function of diffusivity, cooling rate, and effective diffusion radius. Mezger et al. (1989) used ID-TIMS to date rutile grains from amphibolite to granulite facies metapelitic rocks, and compared the results to dates obtained for other minerals with reasonably well-known T C (zircon, garnet, sphene, monazite, as well as hornblende and biotite dated by the K-Ar and 40 Ar/ 39 Ar method). This empirical calibration resulted in T C estimates for rutile of 380 and 420 °C depending on grain size of crystals (respectively 70-90 and 90-210 m). These estimates were later upwardsrevised to 500 and 540 °C (for rutile with diameter 140-180 and 180-420 m; Vry and Baker, 2006) . Based on diffusion experiments over the range 700-1100 °C on natural and synthetic rutile with significant differences in trace element composition, Cherniak (2000) calculated mean T C of ~ 600 °C for rutile grains of ~ 100 m size. Observed age heterogeneity, determined by LA-ICP-MS (laser ablation inductively coupled plasma mass spectrometry),
within relatively large grains (up to 280 m in size) from granulite facies Archean metapelitic rocks showing systematic core-to-rim decrease of several tens of millions of years (640 to 510°C) and increase in age-gradient, lead Kooijman et al. (2010) to interpret the intragrain UPb variations as cooling ages recording points in time where the system effectively closed for
Pb, and to construct closure temperature profiles (T C (x), Dodson, 1986) across the grains.
U-Pb dates obtained for rutile are younger than coexisting zircon and represent the time of cessation of Pb volume diffusion during cooling below ~ 500 ºC; rutile can thus be used as a thermochronometer in studies aimed at constraining the timing of metamorphism or the thermal evolution of igneous and metamorphic terranes (Schärer et al., 1986; Corfu and Muir, 1989; Mezger et al., 1989; Flowers et al., 2005; Storey et al. 2007; Kylander-Clark et al., 2008; Li et al., 2011; Blackburn et al., 2011 Blackburn et al., , 2012 . Growing interest is also being paid to U-Pb chronology of detrital rutile as a provenance indicator (Allen and Campbell, 2007; Birch et al., 2007; Rösel et al., 2011; Meinhold et al., 2011; Okay et al., 2011) . While U-Pb chronology of rutile by ID-TIMS is a well established technique and allows high precision ratios to be measured (e.g., Ludwig and Cooper, 1984; Schärer et al., 1986; Corfu and Andrews, 1986; Mezger et al., 1989; Davis, 1997; Cox et al., 2002; Treloar et al., 2003; Schmitz and Bowring, 2003) , rutile can also be dated by microprobe (secondary ion mass spectrometry -SIMS, LA-ICP-MS) techniques (Sircombe, 1995; Clark et al., 2000; Vry and Baker, 2006; Harrison et al., 2007; Storey et al., 2007; Kooijman et al., 2010; Meinhold et al., 2011; Schmitt and Zack, 2012; Taylor et al., 2012) .
A potential issue for U-Pb dating of rutile, especially in young, less radiogenic samples, is the relatively large proportion of common (non radiogenic) Pb (i.e., which can be incorporated into the crystal structure during crystallisation or derived from contamination) resulting in low ratios of radiogenic Pb to common Pb (e.g., Treloar et al., 2003 from UHP rocks). The problem has been variably addressed, most commonly by assessing the common Pb composition at the time of crystallisation using multiple analyses of rutile and mineral isochrons, or by assuming a model-based composition of common Pb using measured 204 Pb in the same mineral, or by applying a correction for the common Pb content following the determination of the common Pb composition as measured in a (U-Th poor) mineral coexisting in the same rock, the latter method not being applicable to detrital samples.
Alternatively, making use of the observation that rutiles contain very low Th (hence negligible radiogenic 208 Pb from 232 Th decay), the measured isotopic ratios can be corrected for common Pb by measuring 208 Pb and assuming it is virtually entirely common Pb (Clark et al., 2000; Allen and Campbell, 2007; Kooijman et al., 2010; . Currently, strategies are not available for handling reference material data with variable common-Pb to determine normalisation factors for LA U-Pb dating. In the absence of this, data must first be corrected for common-Pb using one of the above approaches. However, the routine application of a common Pb correction and the necessary uncertainty propagation, risks masking scatter in the reference material data which may or may not be relevant to the nature of the sample analysis. Equally, correction and propagation of the sample datapoints may mask the resolution of further age scatter. In addition to the inability of some instrumental setups to measure precisely some relevant isotopes (e.g. 204 Pb, 208 Pb) , the problem of determining normalisation factors from data with variable common Pb and the additional uncertainty contribution, makes favourable the use of a reference material without significant common-Pb if one could be found. In this study, U-Pb dating by LA-MC-ICP-MS is applied to detrital rutile and two new natural rutile materials (Sugluk-4 and PCA-S207) are presented as primary and secondary reference materials to use during analysis, for which high precision ID-TIMS U-Pb and abundant LA U-Pb dates have also been determined. An approach of reference material and sample analysis is developed and presented that can be applied to the wider challenge of detrital rutile single grain U-Pb dating for provenance studies. Our approach benefits from the use of multi-collector ICP-MS which typically exhibit better detection efficiencies than single-collector sector-field or quadrupole-ICP-MS techniques as well as simultaneous measurement of ion beams resulting in higher precisions for equivalent analysis durations (or the use of shorter acquisition times and lower ablation volumes whilst achieving equivalent precision). This allows accurate determination of the vast majority of rutiles in a sediment (> 75 and 90 % on average, using a 35-40 or 50 m spot size, respectively, based on 16 modern river sand samples 6 of which are shown in this study)
without requirement for concentration pre-screening which might serve to bias the population distribution. We show that our reference materials are near-concordant with a low relative common Pb content and a long-term reproducibility only modestly worse than long-term data for zircon reference materials. This eliminates the necessity for a common Pb correction to be applied to the reference data before establishing the U/Pb normalisation value as well as the uncertainty propagation which would also be necessitated. Due to the lower T C of rutile compared to zircon, rutile has the potential to become a key tracer in sedimentary provenance, especially in combination with zircon, as together they provide a better defined isotopic fingerprint of the source region. Additionally, the availability of good quality reference materials will favour the application of U-Pb dating of detrital rutile in provenance studies in the future.
Rutile reference materials
Two rutile samples from granulite facies metasedimentary rocks, Sugluk-4 (Sugluk-4-87 of and PCA-S207 (PCA-S207-90-A), were chosen as candidate reference materials due to their abundance, general lack of inclusions and their age and tectonic setting.
One of our objectives was to identify materials of sufficient quantity, quality and suitability in order to be able to distribute aliquots of both materials to other laboratories on request. The two rutile samples consist of gram-quantities that generally fall in a grain size range of 100-500 μm. Sugluk-4 is a granulite facies quartzite from the Ungava segment of the TransHudson orogen of Canada (Sugluk-4) and PCA-S207 is a highly strained granulite facies paragneiss ("upper deck diatexite" of from the East Lake Athabasca region (Canada). The exact geographical coordinates are indicated in Table 1 The grains range in size from a few tens m to several hundreds m, are translucent and brown-red to dark-brown, with Sugluk-4 grains idioblastic to sub-idioblastic (Fig. 1a) , while PCA-S207 grains are commonly xenoblastic (Fig. 1i ). Colour zoning is rare. In thin section the grains are reddish brown (Figs. 1b, d, e, l, n, o) and can show twinning (e.g. Fig. 1c ). BSE imaging did not reveal zonation patterns (Figs. 1f, g, h, q, r, s) .
Analytical methods for reference material characterisation
Rutile grains were isolated from the samples by mineral separation techniques making use of standard crushing, milling, dense liquid separation and Frantz magnetic separation. In characterising the rutiles, typical grains were selected, mounted in epoxy resin and polished to expose their interiors. The characterised grains are representative of rutile grains from the separates and are not specially selected. Isotope ratios were measured using a Thermo-Electron Triton thermal ionisation massspectrometer (TIMS). Pb and U were loaded together on a single Re filament in a silicagel/phosphoric acid mixture (Gerstenberger and Haase, 1997 Schmitz and Schoene (2007) .
ID-TIMS U-Pb dating

LA-MC-ICP-MS U-Pb dating
Laser ablation U-Pb data were collected using either a 193 nm or a 213 nm wavelength laser ablation system (UP193SS, UP193FX and UP213SS, New Wave Research) coupled to a Nu Plasma HR multiple-collector inductively coupled plasma mass spectrometer (MC-ICP-MS, Nu Instruments). The mass spectrometer used has a specially designed collector block to allow simultaneous detection of all masses in the range 202-207, 235 and 238. Methods followed those described in Thomas et al. (2010) with the data reduction and uncertainty propagation methodologies described in Horstwood et al. (2003) . Instrument parameters used during analysis are detailed in Table A After an initial 30 s instrument baseline measurement and 30 s gas blank, individual analysis ablation times were 40 s for a run of 10-15 ablations. Average pit depth estimates of ~ 20 m were confirmed by independent SEM measurements on a few grains (Fig. 2) . Ion beams for mass 204 (Pb and Hg) , 206 Pb and 207 Pb were collected on ETP discrete dynode electron multipliers with all other peaks collected on analogue (Faraday) detectors. The simultaneous measurement of the 202 Hg signal allows correction for the isobaric interference of 204 Hg on 204 Pb during the ablation. Detection of very small amounts of 204 Pb is however currently hampered by the quantity of Hg in the gas blank, leading to a relatively high on-peak subtracted noise level on 204 Pb, masking the low 204 analysis. Elemental fractionation from other sources (laser-and plasma-induced) was corrected by comparison of laser ablation data for a primary reference material to ID-TIMS data. In line with best practice in laser ablation analysis, at least one secondary reference material is required to validate the results and assess the quality of the U-Pb data, hence both reference rutiles were analysed in each session, one to provide validation for the corrections determined from the other. Uncertainties for the 207 Pb/ 206 Pb ratios were propagated using quadratic addition to combine the measurement uncertainty with a reproducibility component modelled to reflect increasing uncertainty with decreasing signal size (see Horstwood et al., 2003 for details). A minimum uncertainty of 0.5% (2) was assigned to the 207 Pb/ 206 Pb ratio by default for ablations with high 207 Pb ion beams, to reflect the confidence in the ability of the multi-ion counting (MIC) set-up to accurately reproduce any one value. 206 Pb/ 238 U uncertainties were propagated in a similar way utilising the measurement uncertainty and the reproducibility of the ablation reference material used. During each analytical session both zircon and rutile reference materials were measured between each group of unknowns to determine the degree of elemental fractionation, to monitor the effect of matrix (zircon vs.
rutile) on the degree of elemental fractionation, and to assess instrumental accuracy. GJ-1 zircon reference material ( MC-ICP-MS analytical session. These factors were used to normalise the data for the validation (PCA-S207) and sample analyses. All plots and age calculations have been made using the Isoplot v. 4.14 (Ludwig, 2003) add-in for Microsoft Excel.
Determination of trace element composition by LA-ICP-MS
Laser ablation ICP-MS was used to determine the trace element content of rutile grains from Sugluk-4 and PCA-S207. Element concentrations were measured at the University of Portsmouth using an Agilent 7500cs quadrupole ICP-MS coupled to a New Wave UP213 laser ablation sampling system. Helium was used as a carrier gas and mixed with Ar via a connector prior to the torch. Spots were located as close as possible to the spots used for LA U-Pb dating. Data were collected using a 60 s acquisition and backgrounds were measured as a gas blank for the first 30 s. The spot size was 40 μm with a repetition rate of 10Hz and laser fluence was maintained at ~ 4 J/cm 2 . NIST SRM 610 glass (Pearce et al., 1997) was used as the reference material for concentration determination, to correct for elemental fractionation and mass bias and was measured at the beginning and end of data acquisition and between each group of 14 unknowns. Internal standardisation was done stoichiometrically by assuming TiO 2 = 98 wt% in rutile. Oxide formation was kept below 0.1% by monitoring Th/ThO + .
Rutile R10 was monitored within each run and checked against the published values of Luvizotto et al. (2009) . The data were reduced offline using Lamtrace (Simon Jackson, Geological Survey of Canada). All of the elements analyzed were reproduced to within 4 and 9 % (1with the exception of Al and W (20 %), on the basis of long-term reproducibility.
Reference materials results
Mineral chemistry
Selected typical Sugluk-4 and PCA-S207 rutile grains were analysed for chemical composition and intragrain variability, as tested by ablating different areas of individual grains (e.g., Figs. 1h and 1s; Table 1 ). A selection of elements in the mass range 27-238 was measured by LA-ICP-MS, with many being below the detection limit of the technique (e.g., Mn, Rb, Sr, Y, the Rare Earth Elements; these are not included in Table 1 ). The most abundant trace elements (in the range of hundreds to a few thousand ppm) are Zr, Cr, Nb and V. The concentrations of the trivalent elements Sc and Al differ in Sugluk-4 and PCA-S207 rutiles with PCA-S207 enriched in Al and Sugluk-4 in Sc (Fig. 3a) . The HFSE (High Field
Strength Elements, such as Zr, Nb, Mo, Sn, Hf, Ta, W) of which rutile is a main carrier mineral phase (e.g., Rudnick et al., 2000) occur in variable amounts in the analysed grains. Zr and Hf show broad positive correlations, and form two distinct trends for Sugluk-4 (lower Zr/Hf) and PCA-S207 (higher Zr/Hf, Table 1 and Fig. 3b ). Nb occurs with concentrations up to ~ 2000 ppm and is more homogeneously distributed in Sugluk-4 than in PCA-S207 (Fig.   3c ). The Nb/Ta ratio of PCA-S207 and Sugluk-4 varies in the range 9-62 and 15-78, respectively (Table 1 and Fig. 3c ). Cr and V are broadly positively correlated (Fig. 3d ).
Sugluk-4 is also characterized by less variable Cr/Nb ratios (0.5-1) than PCA-S207 (0.5-3, Table 1 and Fig. 3e ). The measured U concentration is in the range 12-40 and 24-98 ppm in PCA-S207 and in Sugluk-4 respectively (Fig. 3f) , while Th occurs below an average detection limit of ~ 0.001 ppm. For a few grains for which U-Pb isotopes had been measured by LA-MC-ICP-MS on a corresponding spot, the Pb concentration has been calculated using the measured U concentration and is 5 to 9 ppm (PCA-S207) and 8 to 30 ppm (Sugluk-4), ( Table   1 ). The higher U and Pb content in Sugluk-4 is also confirmed by the U and Pb content estimated on the basis of GJ1 zircon analysed in the same LA U-Pb session, with an average of 7 (Pb) and 17 (U) ppm for PCA-S207, 11 (Pb) and 30 (U) ppb for Sugluk-4 ( , 2007) are in the range of 700-760 °C (assuming a P of 6 kbar) and 710-780 °C (10 kbar) for Sugluk-4 and 680-770 °C (6 kbar) and 700-790 °C (10 kbar) for PCA-S207, consistent with granulite facies conditions of the two rutiles (Table 2) .
U-Pb isotopic results
ID-TIMS
Rutile ID-TIMS U-Pb data for ten Sugluk-4 and four PCA-S207 individual grains are presented in Table 3 , along with analyses of four fragments of the R10 monocrystalline rutile (Luvizotto et al., 2009 ). The results, both before and after correction for common Pb, are plotted on Wetherill concordia diagrams (Fig. 4) . The data for Sugluk-4 (Table 3 and Fig. 4a) detail the presence of small amounts of common Pb (0.2-1.6% for 8 of 10 analyses). After common Pb correction (using the Stacey-Kramers (1975) model for terrestrial Pb evolution at 1.7 Ga), the data form a co-linear array regressing to near-zero age with an upper intercept age of 1723.0 ± 6.8 Ma (2, including decay constant uncertainties, MSWD = 11, excluding one point). However the exact interpretation of rutile ages is complicated and this will be discussed later. Importantly, the average 206 Pb/ 238 U and 207 Pb/ 206 Pb ratios differ by <1% for 8 of the 10 grains whether or not they are corrected for common Pb (Fig. 4a therefore it is important to undertake some intercomparison of our proposed reference materials with that. Since we are not applying an online common Pb correction during the analysis, data values prior to common Pb correction need to be determined in order to use R10 as the main reference material. This also requires the reference material to have homogenous radiogenic Pb to common Pb ratios throughout. Using the published radiogenic ratios of fourteen R10 fragments ( Table 4 ) with a composition calculated at 1090 Ma using the Stacey-Kramers (1975) model for terrestrial Pb evolution (Table B, Supplementary data file). These are plotted on a Wetherill concordia diagram along with the R10 fragments measured in this study (Fig. 4e) . With 206 Pb/ 204 Pb ratios of 330 to 4000 with most being less than 1000, R10 is clearly not appropriate for our purposes as a reference material prior to common Pb correction. In addition, based on Fig. 4e , it is possible that the two sets of data do not lie on the same regression trend indicating that there are variable age and/or common Pb components within R10. For our purposes therefore, and for others who do not or prefer not to measure 204 Pb and/or 208 Pb, R10 can not serve as a primary reference material.
LA-MC-ICP-MS
Rutile LA-MC-ICP-MS U-Pb data were acquired over a period of ca. two years (29 analytical sessions for a total of ~ 2500 single ablations, including 1800 ablations of grains from 26 unknown detrital samples; six of these detrital samples are presented in this paper -section 5-to show our approach on real samples). Over the ~ 2 year period of our LA U-Pb rutile measurements and during the same analytical sessions we also measured three commonlyused zircon reference materials ( for Mud Tank (n = 157), 1.5 and 3.3% for Plešovice (n = 25), 1.8 and 2.6% for 91500 (n = 106). These data demonstrate that instrument performance during this period was good. (Fig. 5a , all data not corrected for common Pb). The Sugluk-4 207 Pb/ 206 Pb ratios not corrected for common Pb exhibit an asymmetric probability density distribution with a positive skew (Fig. 6a) . The same data are shown as linearised probability plot (Fig.   7a ) after the exclusion of datapoints with 207 Pb/ 206 Pb > 0.11 (14 out of 486, i.e. 3%), under the assumption that these higher ratios reflect the occurrence of common Pb despite this being below a level detectable with our analytical set-up. On the linearised probability plot the main set of data disperse along a linear trend with a slope of ~ 1 as a normal distribution would do.
The 206 Pb/ 238 U distribution (of the 486 datapoints) also exhibits a skew, as shown by the probability density plot in Fig. 6b . Excluding the same 14 data points with higher relative common Pb as excluded in Fig. 7a , the residual scatter in 206 Pb/ 238 U ratio shown by the linearised density plot (Fig. 7b) but not evident in 207 Pb/ 206 Pb space (Fig. 7a) , is caused by 13
analyses of the remaining 472 with anomalously high 206 Pb/ 238 U. The origin of this is currently unknown although is likely to be real variation arising from the protracted cooling history of the sample. The 207 Pb/ 206 Pb average of the 472 datapoints illustrated as a linearised probability plot (Fig. 7a) is 0.1069 ± 0.0021 (2.0%, 2SD). The 206 Pb/ 238 U average of 459 datapoints illustrated as a linearised probability plot (Fig. 7c) 4d and 4e) for normalisation of R19 and PCA-S207 ablated as unknown materials ( Fig. 9a and 9c) concordant data are achieved (excluding two R19 discordant datapoints with higher relative common Pb content). The weighted average 206 Pb/ 238 U date for R19 is 472.6 ± 6.5 (9 datapoints concordant and equivalent within uncertainty, Fig. 9a ), while the published weighted average of four TIMS 206 Pb/ 238 U dates for R19 is 489.5 ± 0.9 Ma (Zack et al., 2011).
Using Sugluk-4 as the primary reference material, the same level of concordance results for R19 datapoints, and the weighted average 206 Pb/ 238 U date is 470.1 ± 4.9 Ma (Fig. 9b) within uncertainty of that for the R10 normalised data. Similar results are obtained for PCA-S207, with a weighted average 207 Pb/ 206 Pb date of 1884.0 ± 16.0 Ma (Fig. 9c , normalised to R10, NIGL ID-TIMS data) and 1875 ± 12.0 Ma (Fig. 9d , normalised to Sugluk-4). If R10 is normalised to Sugluk-4 (Fig. 9e) , the datapoints appear non-equivalent and most are discordant on a Tera-Wasserburg diagram, with a reproducibility of the 207 Pb/ 206 Pb and 206 Pb/ 238 U ratios (mass bias corrected only) of 3.9 and 4.1 % (2) versus 2.7 and 2.9 % for Sugluk-4 during the same session, reflecting the presence and variability of common Pb in R10. Finally, the four Sugluk-4 grains analysed over the same session are shown in Fig. 10 normalised to R10 (using the average of NIGL ID-TIMS data from this study). All datapoints with the exception of one (that belongs to the positive tail of datapoints high in relative common Pb content in Fig. 6a ) are concordant within their analytical uncertainty, and for all the individual grains the weighted average of the 207 Overall, these results show that: (1) Sugluk-4 is a rutile characterized by nearly concordant ID-TIMS and concordant (within uncertainty) LA U-Pb analyses, with long-term reproducibility on the order of 2-4 %, ~ 1% more than natural zircon materials routinely used for U-Pb dating; (2) the intra-and inter-grain scatter in the isotopic ratios of Sugluk-4 are interpreted to reflect real geological rather than analytical phenomena and are most likely caused by cooling-related diffusion compatible with the slow cooling of many natural rutiles from granulite terrains; (3) PCA-S207 is characterized by a larger variability than Sugluk-4, usually within 4% for individual grains; (4) R10 has a large degree of intergrain heterogeneity with respect to common Pb and each portion needs to be characterised for homogeneity if a common Pb correction is not to be applied to the data; (5) we recognise some real variation between and within grains likely pertaining to cooling history of many rutiles as recognised by others (e.g. Flowers et al. 2006; Kooijman et al. 2010 ).
Finally and most importantly for the implications to routine use as reference material, the observed total variation in 207 Pb/ 206 Pb and 206 Pb/ 238 U ratios (not corrected for common Pb) for >97% of all Sugluk-4 grains falls within the ±2% and ±4% range (at the 2 level) generally attainable using microprobe methodologies, and it is only slightly worse for PCA-S207.
Sugluk-4 and PCA-S207 therefore appear to be suitable primary and secondary reference materials for U-Pb dating of rutile by LA-ICP-MS without the requirement for correction of common Pb. This makes these two materials similar to zircon reference materials in their ease of use and applicability and eliminates the need for an on-line common Pb correction in measuring the primary reference material which inflates the measurement uncertainties, potentially introduces systematic errors if wrong assumptions are made regarding the common Pb composition and further masks real variations in the data.
Detrital rutile geochronology applied to sedimentary provenance
In this section we present U-Pb data measured on detrital rutile from modern rivers draining portions of the Canadian Cordillera (British Columbia, Canada) and the Himalayas (Bhutan), in order to illustrate the applicability of detrital rutile dating and to demonstrate that young rutile can be dated successfully by LA-MC-ICP-MS. Schematic geological maps of these areas with location of sand samples are shown in Fig. 11 , and the exact geographical coordinates of the samples are indicated in Table D of the Supplementary data file.
Detrital rutile samples from the Canadian Cordillera and Bhutan Himalayas
Two detrital samples are from modern rivers draining the southern Omineca belt of the Canadian Cordillera (Parrish 1995) , a large area of high-grade metamorphic rocks of the core of the orogen. The belt is dissected into blocks by Eocene crustal-scale faults juxtaposing footwall rocks of high metamorphic grade against hanging wall rocks that were much cooler in the Eocene (Parrish et al., 1988; Parrish 1995 , and references therein). Sample BC-04g66 is from the Columbia River in the vicinity of Revelstoke (Fig. 11a) . The Columbia River in this region flows southward along the Columbia fault that bounds the Monashee Complex to the west. The latter consists of Early Proterozoic crystalline basement composed of othogneisses and paragneisses and an unconformably overlying cover sequence, all significantly metamorphosed and deformed in latest Cretaceous-Paleogene time (Parrish 1995) , with some variation in age as a function of structural level. U-Pb isotopic data from xenotime and monazite representing peak metamorphic conditions young from 64 Ma to 49 Ma with increasing structural depth within the complex (Crowley and Parrish, 1999) . Anatexis of the Proterozoic basement as a result of regional prograde metamorphism is constrained by U-Pb dates from migmatitic leucosomes at 62 and 56-54 Ma (zircon) and 57 Ma (titanite), (Hinchey et al., 2006; Gervais and Brown, 2011) . Sample BC-04g67 is from the Eagle River, 40 km farther west of the first sample (Fig. 11a) . The Eagle River flows westward and its sediments are derived almost entirely from the erosion of the Monashee complex. Rutile U-Pb ages, reflecting cooling below ~ 500°C, are thus expected to be in the age range of ~ 50-55
Ma for detritus eroded from the Monashee complex, the primary source of rutile of these two rivers.
Four detrital rutile samples are from modern rivers draining an eastern portion of the Himalayas in Bhutan (Fig. 11b) . Bhutan is drained by an hydrographic system broadly N-S oriented, that cuts across the main Himalayan geological units and their tectonic boundaries and eventually empties into the Brahmaputra River in the state of Assam in India. Sample BH0108 and LB09-03 are two modern river sands from the Mo Chu and the Puna Tsang Chu (Fig. 11b) . The Mo (mother)
Chu (river) originates in Tibet and after joining the Pho (father) Chu by Punakha becomes the Puna Tsang Chu. The sand sample LB09-01 is from the more eastern Mangdi Chu that flows in central Bhutan, while sand LB09-02 was sampled from the Mau Khola river south of the Main Central Thrust and close to the border with India (Fig. 11b) . All of these samples drain variable amounts of rock of high metamorphic grade, with some containing lesser metamorphosed metasedimentary lithologies. Detrital rutile is likely to have been derived mainly from the high grade metamorphic sources which have a predominant Tertiary Himalayan metamorphic signature.
Detrital rutile U-Pb data
LA U-Pb data of detrital rutile samples ( Pb/ 238 U age probability density plots. The number of ablation spots for each sample plotted on the concordia diagrams varies from 18 to 48 as indicated, and measurement protocols were identical between samples and reference materials (Sugluk-4 and PCA-S207). For all samples, an originally larger number of grains was analysed, but some of the grains failed to produce a signal strong enough to be measured (due to low Pb and/or uranium content), especially when a smaller spot size was used (i.e., 5-10% of grains failed when a 50 m spot size was used and up to 30% using a 35 or 40 m spot size on fine-grained 10-15 Ma old rutile). Measured intensity of the radiogenic 207 Pb was low in many grains due to young age and/or low U content (Table D , Supplementary data file). These realities are reflected in Concordia diagrams by larger uncertainty ellipses and in part by arrays of data (see below).
At times two spots were ablated from the same grain to test potential age zoning and reproducibility. These always resulted in two dates overlapping within uncertainty, of which only the one determined with the lower uncertainty was eventually included in the probability plot. Typically, all samples produced a U-Pb dataset characterized by a cluster of datapoints concordant within their uncertainty with usually one array of discordant datapoints intercepting the cluster of concordant points at its lower intercept (Figs. 12 and 13 ). These discordant datapoints clearly reflect a higher proportion of common Pb within these analyses.
To calculate a model (common Pb corrected) date for such grains each analysis is individually anchored to common Pb with a 207 Pb/ 206 Pb ratio of 0.844 (± 2 %) representing the average common Pb composition for the Mesozoic and Cenozoic time interval (251 Ma to present) calculated using the Stacey-Kramers (1975) model. Two probability density diagrams for each sample are shown in Figs. 12 and 13 that illustrate the concordant and concordant plus the projected data, with similar conclusions drawn using either. Caution should be exercised when interpreting significance of single datapoints that after projection do not overlap with a population of originally concordant datapoints. It should also be noted that this projection of data relies on the fundamental assumption that the only contribution to the offset from concordance is common Pb and assumes concordancy in the final result. However, this is likely more valid as an assumption for rutile than for zircons for example, where multiple age components are more likely to be preserved and Pb-loss is proven to occur with significant effect. For the modern river sand samples from Bhutan (Fig. 13) , the initial number of spot ablations was ~ 40-50 (using a 50 m spot size) and 60-70 (using a 35-40 m spot size, due to smaller sample grain size) per sample, resulting in a final average age distribution (after eliminating analyses that failed) of ~ 40 individual grains in both cases.
The Mo Chu (sample BH0108) drains the northern highest-grade part of the GH in Bhutan and shows a narrow detrital age distribution clustered around 13-15 Ma. For the downstream Puna Tsang Chu (sample LB09-03), the age range is wider (~ 10 to 26 Ma), with the main age cluster slightly older than in the Mo Chu. Narrow age clusters are shown by the Mau Khola (sample LB09-02) at ~ 13 Ma and by the Mangdi Chu (LB09-01), the easternmost of the samples, at ~ 10 Ma. We emphasize that no pre-screening e.g. based on the U content of the samples was applied, thereby more robustly representing a genuine sampling of the rutile population in the samples and avoiding bias. Although the detection limit of any instrumental set up will inevitably bias the original population towards the higher radiogenic grains, the number of grains we omitted post-analysis was smaller than if a pre-screening threshold e.g.
of 5 ppm U had been applied . As an example, 37 spots where originally ablated for sample LB09-01, and only 2 of these rejected due to 207 Pb being below the detection limit, while 11 grains (30 %) with U < 5ppm were successfully analysed (Table B Zack, T., Stockli, D., Luvizotto, G., Barth, M., Belousova, E., Wolfe, M. and Hinton, R., 2011. In situ U-Pb rutile dating by LA-ICP-MS: 208 Table 1 . (b), (c) , (d) show the zircon secondary reference materials (Plešovice, Mud Tank and 91500 normalised to GJ1) analysed along with rutile over the same period. 206 Pb/ 238 U ratios, same LA U-Pb data as in Fig. 5a (n = 486, uncorrected for common Pb). 
